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 1. INTRODUCTION 
1.1. Background 
Among electrical isolators, most of them are linear dielectric ones. This property implies that 
the polarisation is directly proportional to the applied electrical field. Under a vanish field, 
these materials are not polarized as both centre of gravity of positive and negative charges are 
located at the same place. However, some electrical isolators are easily polarisable and non-
linear dielectric. A residual polarisation rP  remains when an electrical field is removed. This 
remnant polarization can be inverted by applying an electrical field to the material above a 
threshold electrical field  called coercive field. Analogous to ferromagnetic material 
behaviours, these materials are called ferroelectric materials. 
CE
The remnant polarization is associated with the noncentrosymmetric arrangement of ions in 
the unit cell which induces an electrical dipole within this structure. Fig.  1-1 shows an ABO3 
perovskite unit cell on which classical ferroelectric materials are built. “A” ions occupy the 
corner sites, “B” ion, the body centre site and “O” ions, the face centre sites. 
 
Fig.  1-1 ABO3 perovskite unit cell 
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 Fig.  1-2 reveals a ferroelectric material characteristic. Under a sufficient electrical field E, 
which means |E| ≥ EC, the B ion can be placed in one of its two thermodynamically stable 
positions, upward or downward, depending on the field direction. These two stable positions 
are responsible for the hysteresis behaviours of the material and enable the remnant 
polarisation +Pr or -Pr to appear. 
 
Fig.  1-2 Ferroelectric hysteresis curve 
Polarization vs. applied electrical field 
EC : Coercive electrical field 
Pr : Remnant polarization 
PS : Saturation polarization 
 
The first ferroelectric material discovery has been dated to 1655 [1]. At that time, the 
“Seignette salt” or “Rochelle salt” was used for its curative properties. Nowadays, because of 
their particular characteristics, ferroelectric materials are subject of many interests as well 
those for fundamental research and applications in electronic or optic. 
Ferroelectric materials have wide applications, such as capacitors (their main and oldest 
application), piezoelectric sensors, piezoelectric emitters, transducers and, more recently, 
actuators such as ultra-sound engines or displacement transducers [2]. In thin film form, 
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 ferroelectric materials are used for data storage. Their optical properties lead to applications in 
infrared detectors, optical wave guide modulators and commutators. 
 
In data storage applications, the two thermodynamically stable states constitute the binary 
data encoding, 0 or 1. Among a wide range of materials, even polymers, only a few of them 
appear as good candidates for nanoscale integration. Properties expected are a large remnant 
polarization, good hysteresis squareness and low operating voltage [3]. This last parameter is 
of first importance as ferroelectric materials are key materials for portable devices, which 
require to be low energy consuming devices. Indeed, the lower is the operating voltage, the 
lower energy they will consume and the longer any portable device will last without being 
recharged. 
 
BaTiO3, PbTiO3, KNbO3 and Pb(Zr,Ti)O3 (commonly quoted PZT) are examples of 
ferroelectric materials based on perovskite structure, while PZT is a typical ferroelectric 
material used in most applications. This widely studied material presents a large polarization 
(according to the proportion between Zr and Ti [1] 25 to 47 µC.cm-2) and will be the 
candidate for this study. 
1.2. Motivations 
In considering the applications of ferroelectric materials in data storage, it is strongly believed 
that all deviation of material properties induced by size effect will have a profound impact on 
the next generation of high density storage of non volatile memories based on spontaneous 
polarisations [4]. Indeed, the growing need of very high density and reliable data storage 
media in everyday life implies to understand and master at any scale the material properties 
for necessary functionality. Thanks to the precious work done in the Material Science 
Laboratory at NUS, especially those by Ong [5] and Zhong [6] on functional thin film quality, 
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 attention will be paid to the influence of memory density (this means the capacitor size) on 
the power consumption of PZT which is determinant for the PZT relevance in portable 
devices. Furthermore, this work will be the occasion to gather and formalise the laboratory 
know-how in term of material manufacturing, processing and characterisation. 
1.3. Organization of the thesis 
This thesis consists of 6 chapters. After an introduction giving details on the motivations of 
the present investigation in Chapter 1, Chapter 2 provides of a literature review. It focuses on 
the theory of ferroelectricity, dielectricity and piezoelectricity, and especially on a method to 
experimentally estimate the energy consumption of ferroelectric materials. Chapter 3 
formalises all the experimental procedures in this study. Chapter 4 and Chapter 5 deal with 
the effects of scale on thin film ferroelectric properties. Chapter 6 concludes this work and 
proposes some recommendations as well as some reflexions on forthcoming study or 
experiments that may follow after this study. 
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 2. LITERATURE REVIEW 
2.1. Theoretical aspects of ferroelectricity 
2.1.1. Phenomenon formalisation 
In this section, the mathematical definitions of dielectric, elastic, piezoelectric and 
pyroelectric properties are overviewed [7]. Notations used in the thesis are given. Summation 
over repeated indices is assumed in all tensor relationships. Tensor indices are linked to an 
orthogonal coordinate system. Generally, in the case of thin films study, the z-axis is 
perpendicular to the plane of the film. 
In reading the thesis, distinction between dielectric constants and stresses noted with the same 
ε  must be noted. Context will often help in the comprehension. 
 
The polarisation Pi induced in an insulating and polarisable material by an applied electrical 
field Ej is given by: 
jiji EP χ=  
Equation 2-1 
 
where the second rank-tensor ijχ  stands for the material dielectric susceptibility. The relation 
Equation 2-1 is only valid for linear materials and for limited ranges of electrical field for 
non-linear materials. 
The application of electrical field induces a total surface charge density that is represented by 
the dielectric displacement vector Di: 




 where 0ε = 8.854×10-12 F.m-1 is known as the dielectric permittivity of the vacuum. 
Substituting Equation 2-1 into Equation 2-2, it follows that: 
( ) jijjijijjijjijjijii EEEEEED εχδεχδεχε =+=+=+= 000  
Equation 2-3 
 
where ijδ  stands for the Kronecker’s symbol, ijijij χδεε += 0  is the material dielectric 
permittivity. Generally, for most ferroelectric materials present, ijij χδε <<0 , which implies 
ijij δεε 0≈ . The relative dielectric permittivity 0/ εεε ijijr =  is more often used than the 
dielectric permittivity and better known as the material dielectric constant. 
 
The Hooke’s law establishes the relationship between the mechanical stress ijσ  applied on an 
elastic material and the resulting strain ijε : 
klijklij S σε =  
Equation 2-4 
 
The elastic compliance  is a fourth-rank tensor, and strain and stress second-rank tensors. ijklS
 
Piezoelectric materials can be polarized by both the application of an electrical field or a 
mechanical stress. Consequently, two relations are necessary to describe their behaviours. 
Indeed, the direct piezoelectric effect links the mechanical stress ijσ  applied onto the material 
with the resulting charge density Di through the third-rank tensor of piezoelectric coefficients 
dijk as : 




 Otherwise, the converser piezoelectric effect describes the relation between the applied 
electrical field Ek and the resulting strain ijε  : 
k
t
ijkkkijij EdEd ==ε  
Equation 2-6 
 
Quartz (SiO2), zinc oxide (ZnO), polyvinylidene fluoride (PVDF) and lead zirconate titanate 
(PZT or Pb(Zr,Ti)O3) are examples of piezoelectric materials. 
 
Some materials exhibit an electric dipole moment even in the absence of an external electrical 
field. They are called polar or pyroelectric materials and their resulting polarisation is named 
spontaneous polarisation. 
Matters of symmetry impose that all pyroelectric materials are piezoelectric whereas the 
contrary is not true. For example, PZT, ZnO and PVDF are polar materials. 
 
Finally, ferroelectric materials are polar crystals that possess spontaneous polarisation at least 
two equilibrium orientations, and in which the direction of the spontaneous polarisation can 
be switched to one of these orientations with an external electrical field. 
Fig.  2-1 details a ferroelectric (P-E) hysteresis behaviour. At small values of electrical field 
(segment 0-1), the polarisation increases linearly with the field amplitude as expressed in 
Equation 2-1. As the electrical field increases (segment 1-2), all the domains – name given to 
crystal regions with a uniformly oriented spontaneous polarisation – are switched in the 
electrical field direction. This phenomenon is highly non-linear and cannot be described with 
the linear relation depicted in Equation 2-1. As all the domains are aligned within the material 
at point 2, the polarisation behaves quasi linearly with the electrical field (segment 2-3). Any 
decrease of the field (segment 3-4) induces a polarisation decrease, but the non-field state 
does not correspond to a non-polarisated state. The polarisation value reached at point 4 is the 
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 remnant polarisation Pr. The 0 polarisation is reached only for a negative electrical field 
called coercive field -EC (point 5). Any electrical field increase in the negative value range 
causes the alignment of the material and saturation (point 6). The return of the electrical field 
to the positive values implies a polarisation increase. Like for point 4, the vanishing field state 
corresponds to a remnant polarisation of -Pr. It is necessary to increase the field until the 
coercive field EC to get the polarisation to vanish. 
 
 
Fig.  2-1 Detailed ferroelectric (P-E) hysteresis loop. 
 
2.1.2. Volume energy estimation for polarisation state switching 
This section establishes a simplified way to evaluate the energy necessary to switch a volume 
of ferroelectric material. The result will be useful for the rest of this thesis as it sets a method 
to characterise experimentally the material. 
 
For any passive electrical device, the power φ  of the device is expressed by the current 
intensity I  running through the component at an electrical potential U, as: 
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 IU .=φ  
Equation 2-7 
 
The energy Σ  supplied to the device is expressed by the following integral over time t: 
( )∫=Σ dttφ  
Equation 2-8 
 
A combination of Equation 2-7 and Equation 2-8 enables the estimation of the energy per 
volume 
V
Σ  necessary to switch the ferroelectric state of a ferroelectric capacitor of thickness e, 
surface A and volume V. The following expressions make use of the electrical charge q 






∫=Σ dPEV .  
Equation 2-9 
 




Pp = , 
called polarisability, is defined as the slope of the ferroelectric characteristic linear regression. 
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Fig.  2-2 Ferroelectric (P-E) characteristic diagram. 
 










By definition, the permittivity of a material ε , its dielectric constant rε  and the vacuum 
permittivity 0ε  are associated to the polarisation P and the electrical applied field E through: 
dE
dP
r == 0εεε  
Equation 2-11 
 
In the case of a linear dielectric material such as a capacitor, ε  is constant and hence ε=p . 
In the case of a non-linear material, such as a ferroelectric material, the relationship between 
p  and ε  is less evident as ε  is not constant but depends on the value of the electrical applied 
field E. However, as p is experimentally defined as the slope of a ferroelectric characteristic 
linear regression, it can be assumed that p is the average permittivity ε~  of a non-linear 
dielectric material: 
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εεεε rEE dEEEp === ∫−  
Equation 2-12 
 











Equation 2-13 clearly indicates that the sample energy consumption can be experimentally 
evaluated from the average dielectric constant rε~ . 
2.2. Analysis techniques 
2.2.1. Atomic Force Microscope 
The atomic force microscope (AFM) belongs to the local probe microscope family [8, 9]. The 
principle of all these microscopy methods is to set a small size probe near the surface to study. 
Scanning the probe all over the surface, interactions between the probe and the surface enable 
the three-dimensional analysis of the scanned area. In the case of the AFM, the probe is a 
metallic tip and the image is obtained by the measurement of the forces that occur between 
the tip and the sample surface atoms. 
 
The AFM was developed in 1986 by Binnig and al. who considered that the interaction 
between the probe and the surface for a scanning tunnelling electron microscope (STM) could 
give rise to attractive or repulsive forces. If one is able to control theses forces, one could 
reproduce the surface topography and hence study some physical phenomena in a nanometre 
scale. 
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 Fig.  2-3 shows the principle of the AFM. A piezoelectric tube enables a very fine sample 
displacement (control precision at 0.1nm laterally and 0.01nm vertically) in all directions 
under the tip. An optical system made from a laser, mirrors and photoreceptors ensures a very 
precise tip state measurement. 
 
Fig.  2-3 Principle of the atomic force microscope 
 
Several modes are used for the sample imaging. 
• Contact mode, where the probe is contacting the sample surface. In this mode, the 
AFM sensor is a tip with a strength k on which the deflection zδ  can be measured and 
finally the interaction force F with the relationship zkF δ.= can be obtained. The 
probe is applied onto the surface at a given force set by the user, generally about 10-8N. 
Interaction forces measured in this case are electronic repulsive forces (Lennard-Jones 
potential). Assuming that the sample surface is not deformable under this load F, the 
sample topography is recorded by keeping the probe deflection constant. Some 
developments now even allow measurement of friction. As the probe is loaded 
normally and tangentially, more sophisticated optical sensors enable the tip state to be 
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 known more precisely and to estimate the lateral interaction between the probe and the 
sample. 
• Non-contact mode, where the probe is set several tens nanometres away from the 
sample surface. This mode, called dynamic force microscopy or DFM, is convenient 
for measuring long-range forces, typically those that occur for distances between the 
tip and the surface of above 10nm. Forces occurring in this range of length are so 
negligible that quasi-static behaviour of the tip ( zkF δ.= ) cannot be used for any 
precise deflection measurement. As a consequence, the measurement relies on the 
dynamic behaviour of the tip. The load gradient 
z
FF δ
δ='  induced by the interaction 
between the surface and the probe implies a perturbation on the tip resonance 
frequency f0. Assuming that the tip can be modelled by a simple mass m and spring k 
system, Table 2-1 demonstrates this modification. As illustrated in Fig.  2-4, the 
topology study consists of the comparison of the tip resonance curves corresponding 
to the unloaded and the loaded tip behaviour. The drop in vibration amplitude AΔ  is 




'=Δ .While scanning the sample, setting AΔ  as constant is equivalent to keeping 
F’ and the distance between the vibrating probe and the sample constant. Hence, this 
method ensures appropriate topology measurement. 
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 Table 2-1 AFM non-contact mode, resonance frequency perturbation 
Tip resonance pulsation 0ω  
when probe is free of load 
Tip resonance pulsation 0'ω  





































0 ωω  






















Fig.  2-4 Principle of non contact mode in AFM 
 
• Tapping Mode, where the probes comes into contact with the surface by intermittence. 
In the case of soft material, in order to not damage it, the Tapping Mode is applied. It 
consists in an intermittent contact between the probe and the surface by vibrating the 
probe at very high frequency, typically around 300 kHz. While scanning, changes in 
phase and amplitude enable the surface topography to be recorded. 
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 2.2.2. Scanning Electron Microscopy 
High magnification optical observations are limited due to the physical nature of visible 
electro-magnetic waves. As a consequence, other observation systems based on ray types 
have been developed: 
• either an electron beam sufficiently accelerated in order to get very short wave length. 
This constitutes the basis of the transmission electron microscopy (TEM), 
• or a very fine electron beam scanning a sample in order to provide secondary electron 
emission to obtain a surface analysis. This method is the basisi of the scanning 
electron microscopy (SEM). 
Developed since 1938 with the first prototype made by Van Ardenne and Knoll [10] and 
commercialized since 1965, SEMs are characterized with the following features: 
• a lateral resolution around 3 to 10nm (and even 1nm for a field emission SEM 
(FESEM) where the electron source works with field emission) 
• a magnification power from 10000 to 40000 times (and above 100000 times with a 
FESEM) 
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 The essential components of the SEM are in Fig.  2-5: 
 
Fig.  2-5 Scanning electron microscope (SEM) principle 
(1) Electron canon 
(2) Electronic lens 
(3) Deviation device 
(4) Retro-diffused electron sensor 
(5) Secondary electrons sensor 
(6) Sample stage and absorbed electrons sensor 
(7) Sensor controller 
(8) Scanning controller 
(9) Main controller and imaging device 
2.2.3. X-Ray Diffraction 
As X-Ray wave length and distances between atoms in a crystal are in the same order of 
length, around 0.1Å, it is in 1912 that Laue got the idea of crystal analysis with such rays. In 
1913, W.H. and W.L. Bragg determined the firsts simple crystallographic structure [11]. 
Whereas the X-Ray diffraction method was firstly used for monocrystalline material analysis, 
it is now extended to polycrystalline materials and constitutes a powerful method for many 
scientific problems in non-destructive material analysis. 
 
The method consists of the detection of emitted coherent wave from a sample blitzed with an 
X-Ray beam. The geometrical configurations corresponding to diffraction are determined by 
Bragg's law and illustrated in Fig.  2-6 : 
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Fig.  2-6 X-Ray diffraction principle. 
 
2.2.4. Ferroelectric Tester 
The ferroelectric tester is a system that enables standard ferroelectric material 
characterisations to be performed. 
 
Fig.  2-7 Ferroelectric tester principle. 
The impedance Z stands for the sample 
 
As illustrated in Fig.  2-7, the sample is integrated in an operational amplifier circuit and 
loaded with a dynamic input voltage .The output voltage  is directly linked to the 






















where E stands for the applied field on the sample, UE and US, the input and output voltage, 
C0, the capacitor and its capacitance value, q, the accumulated charge in the capacitor C0, P, 
the polarization, e, the sample thickness, A, the capacitor area. 
The electronic circuit shown in Fig.  2-7 can be modelled by considering a linear behaviour 














eE =  
Equation 2-17 
 
For the following discussion, complex mathematic is used as it enables simplifications to be 







where j is the imaginary complex, which means that , all underlined characters are 
complex numbers (for example, the impedance 
12 −=j
Z  becomes Z ), and ω  is the signal pulsation. 
Applying a transfer function ( )ωH  which characterizes the sample capacitor for each 








The standard test for such materials is a triangular voltage signal. Such a signal, characterised 















tnjEEE ωπ  
Equation 2-20 
 
Using the circuit linear properties and Equation 2-19 and Equation 2-20, the polarization of 



















12 ω  
Equation 2-22 
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 Some simple cases can be overviewed using Equation 2-22: 
Typical case 
Z  is a resistor R  Z  is a parallel (  circuitZ  is a capacitor  C )CR,
RC=τ  is the circuit time 
constant 
( ) ωω jCZ
1=  ( ) RZ =ω  ( ) τωω j
RZ += 1  




eH =ω  ( )
RjA





eH += 11  
Polarisation (Complex notation) 
( ) ( )ωω EC
A











eP ∑ += ωτωω 11  
Polarisation (Real notation) 
( ) ( )tEC
A
etP =  ( ) ( )∫= dttERAetP 1   
( )EP  typical response 
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 In the third case, the relationship between P  and E  depends on the circuit time constant τ  
value. For small values, the (R, C) parallel circuit behaves like a resistor. For large values, it 
behaves like a capacitor. In between, the (R, C) parallel circuit characteristic curve looks like 
a ferroelectric material characteristic curve with a leakage. For experimental and scientific 
purposes, it is worth noting that for some precise couples (R, C), the (P-E) characteristic 
seems like one of ferroelectric material. 
2.2.5. Four probe tester 
Semiconductor development gave importance to resistivity measurement applicable to thin 
films even though this parameter is not ideal for such a material characterization, knowing 
that it itself is dependant on the charge carrier concentration and mobility [12]. 
Methods that use probes enable material resistivity to be measured without taking the 
resistance measurement. As shown in Fig.  2-8, in the case of a four aligned probes system, 
the current intensity I  is set by the two extreme probes while the electrical potential VΔ  is 
measured with the two internal probes. The ratio 
I
VΔ  is attributed to the material resistivity 
according to parameters such as the sample stage, the probe shapes and positions. 
 
Fig.  2-8 Four probe tester measurement principle. 
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 For a bulk material case, current flows along radius centred on the first probe. Hence 





J π=  
Equation 2-23 
 
The Valdes equation enables the material resistivity to be expressed for any aligned probes 








Δ= πρ  
Equation 2-24 
 
In the case of a constant distance  between the probes, this relation can be simplified as: w
w
I
V πρ 2Δ=  
Equation 2-25 
 
In a thin film case, since the thickness of the film e is much smaller than w, a corrector factor 








 2.3. Deposition techniques 
2.3.1. DC Sputtering 
DC Sputtering belongs to the physical vapour deposition (PVD) processes which constitute a 
set of techniques in metallic or ceramic thin film coating technology and are used in many 
applications such as mechanical, optical, chemical or aeronautical engineering. In general, this 
technique involves a metallic vapour initiation in an inert gas (generally Argon) at a low 
pressure (<10 Pa) environment, its motions within the reactor and its condensation on the 
sample to be coated [13]. 
 
Fig.  2-9 DC sputtering setup 
 
Fig.  2-9 illustrates a DC sputtering setup. The target electrode polarization with a 1 to 3 kV 
voltage enables an electric discharge between the target and the reactor walls which are the 
anodes. During this discharge, Ar+ ions are accelerated and liberate all their kinetic energy is 
liberated on colliding with the target. As observed in the Fig.  2-10, the collision involves an 
atom extraction by momentum conservation, or an incident ion implantation, or an incident 
ion reflection or an electron emission. 
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Fig.  2-10 Basic mechanisms of DC sputtering 
(1) Elastic reflection of neutralized incident ion 
(2) Incident ion implantation 
(3) Atom extraction 
(4) Secondary electron emission 
 
Such a deposition is characterised by: 
• The ratio between the incident ions mass and the extracted ion mass. 
• The spray rate Y, which is the ratio between the number of extracted atoms and the 
number of incident ions. It mainly depends on the kinetic energy of the incident ion, 
on the target sublimation energy, and on the ratio between the incident ions mass and 
the extracted ion mass. 
• The secondary electron emission coefficient. This is defined by the number of emitted 
electrons for one incident ion impact. For metallic targets, it generally equals to 0.1. 
 
On the way from the target to the sample, the extracted atoms may collide with the Argon 
ions and as a consequence, they loose part of their kinetic energy. The collision rate depends 
on the average length of the free travel for the extracted atom and on the pressure. Generally, 
under 1Pa, the free travel length is about 1 cm. Knowing that the distance is about 5 cm 
between the target and the sample, it means that the extracted atoms arrive on the sample with 
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 almost nil kinetic energy left. This is critical with respect to the coating quality. In order to 
cope with this problem, DC Sputtering systems are equipped with a device to create a 
magnetic field which improves the meeting rate between secondary electrons and argon atoms 
for an ionizing reaction. Although it involves a heterogeneous consumption of the target, this 
dramatically improves the coating rate and the structures of the coated material. 
2.3.2. Pulsed Laser Deposition 
Among the various thin film deposition techniques such as sputtering, molecular beam 
epitaxy (MBE), metalorganic chemical vapour deposition (MOCVD), sol-gel processing or 
metalorganic deposition, the pulsed laser deposition (PLD) method has been demonstrated to 
be a versatile and successful tool for the epitaxial deposition of multi-components metal-oxide 
films and heterostructures [14]. The PLD is a powerful mean for stoichiometric transfer of 
material from the target to the sample. In spite of its inability to cover a large sample with a 
uniform thickness and composition, it is strongly recommended for experiments because of its 
high deposition rate and its inherent simplicity. 
Fig.  2-11 shows an outline of the PLD setup, mainly made up of a multi target holder and a 
substrate holder housed in a vacuum chamber. A desired material is deposited on the heated 
substrate by laser ablation of the material from the target. Lasers used are generally excimer 
laser on short pulse mode (KrF, wavelength 248nm). Its energy is concentrated on the target 
and due the optical devices, reaches from 1 J.cm-2 to 50 J.cm-2. The chamber can be filled 
with gas for special environment creation and the multi-target-holder enables the source 
material to be changed easily. The setup facilitates the deposition of multilayered 
heterostructure with a minimum risk of pollution at the interface between each layer. 
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Fig.  2-11 PLD setup 
 
The PLD process can be described in four steps. They are (1) the interaction between the laser 
beam and the target, (2) the formation of the plasma plume and the transportation of the 
ablated material from the target to the substrate, (3) the interaction between the substrate and 
the deposited material and finally (4) the film nucleation and growth. All these phases are 
manageable with parameters such as target density, target and substrate surface topography, 
laser spot size and shape, laser fluence and frequency, ambient gas nature and pressure, 
substrate type, substrate temperature and target-to-substrate distance. 
2.3.3. Energy and ion beams for surface treatment 
Surface treatment based on energy or ion beams has become more and more important among 
all the surface treatment techniques existing nowadays [14]. Whereas classical techniques 
using bathes or special atmosphere are "global treatment", energy or ion beams techniques 
enable highly localised surface treatment in order to obtain right property at the right location. 
Added to the fact that they are usually possible at low temperature, in a dry ambiance, sample 
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 pollution may therefore be avoided. Controlled with powerful devices and computers, these 
techniques are very versatile and easy to use. 
The quality of application is based on the beam impact power density, generally medium or 
high. Medium impact power density (generally between 108W.m-2 and 1013W.m-2) is mainly 
used for surface coating with all material types (polymers, metals and ceramics). High impact 
power density (generally above 1015W.m-2) is used in patterning. 
A FEI Quanta 200 3D SEM/FIB system is used for this project. With its tungsten electron 
column (SEM), focused ion beam column (FIB) and gas injector system, the machine offers 
all of the capabilities of site-specific cross sectioning, complex ion beam patterning, material 
deposition (Pt) and etching, imaging and analysis. 
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 3. EXPERIMENTAL PROCEDURES AND PROCESS 
DEFINITION 
3.1. Experimental procedures 
 
Fig.  3-1 Sample design 
(1) SiO2/Si wafer 
(2) Gold bottom electrode on the wafer 
(3) PZT/LNO/SiO2/Si, notice the overlap between the Gold and LNO layers 
(4) Final sample 
 
Fig.  3-1 presents the processing of the samples at each stage. The processing is of 4 stages: 
• In the first stage (1), a SiO2/Si wafer, generally 20mm*20mm, is cut and cleaned using 
ultrasonic cleaner. 
• In the second stage (2) the gold bottom electrode is deposited with DC sputtering 
method over a sample surface division. Physical parameters experimentally controlled 
at this stage are summarised in Table 3-1. 
• In the third stage (3), LNO and PZT layers are deposited using the PLD. The two 
layers are deposited within the same deposition sequence without opening the vacuum 
chamber. In order to ensure the sample connectivity, the two layers are overlapping a 
part of the bottom gold layer. Physical parameters that experimentally define the 
deposition process are summarised in Table 3-2. 
• Finally, several small gold doted electrodes are deposited with DC sputtering method 
(4) through a dedicated mask. The dot size determines the ferroelectric capacitor size. 
Such a sample can be integrated into all the devices (depositions systems and characterisation 
equipment) that are involved in the sample life cycle. 
 28
 Table 3-1 DC sputtering deposition parameters 
Parameter 
Target to sample working distance d
First vacuum pressure  VacuumP
Argon filing pressure  gArgonFilinP
Deposition pressure  DepositionP
Current intensity I  
Deposition duration DepositiontΔ  
 
Table 3-2 PLD parameters 
Sample temperature T  
Vacuum pressure  VP
Oxygen partial pressure [ ]2OP
Target to sample distance  d
Laser frequency  f
Laser fluence E  
3.2. Process definition 
According to the results of the parametric studies presented in this section, all samples used 
for this work are produced by following the process definition displayed in Fig.  3-2. 
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Fig.  3-2 Process definition 
3.2.1. Properties of gold bottom and top electrodes 
As discussed above, gold bottom and top electrodes are deposited using DC sputtering 
method. Table 3-3 summarises the parameters used to control the process and the values 
chosen the experiments. The resulting layer growth rate and material resistivity from these 
parameters are respectively 100nm.min-1 and 1.6*10-7Ω.m. 
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 Table 3-3 DC sputtering deposition parameters 
Parameter Value 
Target to sample working distance d 3.0 to 5.0 cm 
First vacuum pressure  VacuumP 4.00 Pa 
Argon filing pressure  gArgonFilinP 10.0 Pa 
Deposition pressure  DepositionP 6.00 Pa 
Current intensity I  15 mA 
Deposition duration DepositiontΔ  300 s 
 
Two mains issues have to be addressed regarding DC sputtered gold layers. It appears that the 
resistance to high temperatures for such layers is weak as too long a period in the heated 
environment (such as in the PLD chamber) leads to the formation of a non-conductive layer. 
As a consequence, the period under high temperature (during the PLD process, for example) 
must be carefully optimized. 
Secondly, consider the dots on the top electrodes, it seems that the deposition method through 
a mask involves some diffusion effects that make the area of the deposited gold dot bigger 
than the actual hole of the mask. As shown in Fig.  3-3, an expected 200µm diameter dot 
becomes a 260µm diameter dot. This issue gets more dominant as the holes of the mask gets 
smaller. As a consequence, and as the area measurement of the dot is involved in the 
polarisation calculation, this issue has to be considered carefully and each time the dot area is 
measured. The area measurement of the dot is performed thanks to optical microscopes and 
software dedicated to imaging. 
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Fig.  3-3 Diffusion issue for DC sputtering 
Expected dot size (red circle) and actual size (black dashed circle) 
(1) 200 µm expected dot 
(2) 150 µm expected dot 
(3) 100µm expected dot 
3.2.2. LNO metallic oxyde layer 
A study on the oxygen partial pressure P[O2] shows a narrow range of pressure to obtain a 
satisfactory layer with respect to crystallographic structure. Fig.  3-4 shows the XRD spectra 
of LNO thin films deposited at different oxygen partial pressures. It is clear that with a fixed 
deposition temperature of T=600°C, the layer with the best quality is obtained at an oxygen 
partial pressure P[O2]=20.0mTorr (case 2) where only (001) and (002) LNO orientations 




Fig.  3-4 XRD spectra of LNO thin films deposited at different oxygen partial pressures: 
(0) Si/SiO2 reference 
(1) 10 mTorr 
(2) 20 mTorr 
(3) 30 mTorr 
(4) 50 mTorr 
 
Fig.  3-5 displays the XRD spectra of LNO thin films deposited at different temperatures. The 
600°C deposition (case (2)) leads to a LNO structure with (001) and (002) peaks whereas the 
575°C deposition manifests peaks corresponding to Si. Here again, the XRD analysis leads to 
the same conclusion that the structure of the thin film is very sensitive to the deposition 
parameters and therefore have to be set carefully. 
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Fig.  3-5 XRD spectra of LNO thin films deposited at different temperatures 




LNO films used in this work are deposited according to the deposition parameters 
summarised in Table 3-4. 
Table 3-4 LNO Deposition parameters 
Parameter Value 
T  600°C
VP  5.00*10-5 Torr
[ ]2OP  20.0*10-3 Torr
d  40.0 mm
f  10.0 Hz
E  200 mJ
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 3.2.3. PZT ferroelectric layer 
Using a classical set of parameters with a deposition temperature T=600°C, an oxygen partial 
pressure P[O2]=300mTorr and a laser fluence EPZT=150mJ, it appears that as long as the LNO 
layer is well grown on the Si wafer, good orientation of PZT can be obtained. As shown in 
Fig.  3-6, a PZT layer deposited under degraded conditions on LNO layers leads to the growth 
of PZT (110) orientations. Only LNO layer with satisfactory quality leads to a satisfactory 
PZT. 
 
Fig.  3-6 XRD spectra of PZT/LNO/SiO2/Si samples 
(0) Si/SiO2 XRD Reference 
(1) PZT grown on optimal LNO layer (PZT deposited as case (2) in Fig.  3-4) 
(2) PZT grown on degraded LNO layer (PZT deposited as case (1) in Fig.  3-5) 
(3) PZT grown on degraded LNO layer (PZT deposited as case (1) in Fig.  3-4) 
 
PZT films used in this work are deposited according to the deposition parameters summarised 
in Table 3-5. 
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 Table 3-5 PZT Deposition parameters 
Parameter Value 
T  600°C
[ ]2OP  300.0*10-3 Torr
d  40.0 mm
f  10.0 Hz
E  150 mJ
 
3.3. Resulting sample properties 
The definition of the parameter influences the resulting properties of the sample which are 
summarised in this section. 
3.3.1. Layer growth rates 
The choice of parameters sets the growth rate of each layer. These data are of first importance 
for thickness control. Growth rates of LNO and PZT are measured using SEM to be 
16nm.min-1 and 23nm.min-1 respectively. 
3.3.2. Crystallographic properties 
Fig.  3-7 shows the XRD spectra of the samples after each step of deposition. It is clear that 
pure (100) out-of-plane orientation of LNO is obtained in the optimized condition. Since the 
lattice parameter of LNO is very close to that of PZT, a highly textured (001) diffraction of 
the PZT thin film is achieved. 
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Fig.  3-7 XRD spectra of sample at each step of deposition 
(0) SiO2/Si reference 
(1) LNO/SiO2/Si 
(2) PZT/LNO/SiO2/Si 
3.3.3. Ferroelectric properties 
Fig.  3-8 shows the (P-E) ferroelectric characteristics measured at several sample locations 
using a ferroelectric analyser on 200µm diameter capacitors. The test is performed with a 
standard triangular signal of frequency 1.0 kHz and semi amplitude 150kV.cm-1. This leads to 
the qualitative conclusion that the sample is 100% effective all over its surface. Moreover, the 
PZT layer thickness seems homogenous as ferroelectric properties remain constant over all 
the different measurement locations. 
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Fig.  3-8 Dot positions on sample and their respective ferroelectric (P-E) characteristics 
 
Fig.  3-9 shows the average ferroelectric characteristic of the sample produced. It can be 
deduced from the Fig.  3-8 that for every applied field E, the polarisation P displayed in the 
Fig.  3-9 is the average of the 8 polarisations displayed on Fig.  3-8. This calculation enables 
the characterisation the main ferroelectric parameters of the sample loaded with a 150kV.cm-1 
at 1.0 kHz that are the remnant polarisation Pr=14.8µC.cm-2 and the coercive field 
EC=35.6kV.cm-1. These characteristic are completely consistent with the typical properties of 
a PZT thin film. 
It is also interesting to note that these values change for different electrical loadings. Indeed, 
for a 110 kV.cm-1 electrical field at 1.0 kHz, Pr=11.5 µC.cm-2 and EC= 27.0 kV.cm-1. For a 
220kV.cm-1 at 1.0 kHz loading, Pr=19.3 µC.cm-2 and EC= 42.0kV.cm-1. 
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Fig.  3-9 Average ferroelectric behaviour 
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 4. THICKNESS EFFECTS 
In the case of portable devices, higher density memory is acceptable only if the material 
power consumption does not compromise with the device autonomy. PZT power consumption 
seems to be size dependant [16] and has to be studied carefully. 
To achieve higher density means on one hand to reduce the thin film thickness while on the 
other hand, to reduce the capacitor surface. Equation 2-13 shows clearly that the average 
dielectric constant rε~  is a relevant parameter to describe volume energy consumption of 
functional materials. This chapter will be the occasion to study its evolution in relation to thin 
film thickness and to propose an original investigation about the thickness dependence 
phenomenon. 
4.1. Shelter System 
In order to study the thickness effect, a device is developed. This enables several thin film 
thicknesses to be deposed on the same wafer within a single deposition process to ensure 
comparability between the different thin films produced. This ensures that the only physical 
parameter that changes between two samples is the deposition time and, as a consequence, the 
thin film thickness. This avoids material wastage and increases the productivity of the PLD 
system. 
 
Fig.  4-1 presents a system made of two sliding parts. The first part, designated (2), works like 
a mask and enables the deposition of thin films material on four distinct zones over the 
substrate, denoted (3). Part (2) is screwed onto the existing sample holder, denoted as (4), to 
ensure sample holding. The second part designated as (1) is a shelter that slides along the 
mask (2) and enables each zones delimited by the mask (2) to be opened or closed. It is 
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 operated with the actual shelter axis which cantilevers to enable the translation of part (1) onto 
part (2). 
 
Fig.  4-1 Shelter System, exploded view 
 (1) Shelter 
(2) Mask 
(3) Sample (silicon wafer) 
(4) Sample holder (existing part) 
 
Fig.  4-2 displays the front views at different positions taken by the shelter that enable 1, 2, 3 
or 4 zones to be opened or closed. Positioning control is made via the arrows designed on the 
parts (1) and (2) visible from the users’ window of the PLD chamber. 
 
Fig.  4-2 Shelter System, Positions Overview 
(0) Sample protected 
(1) 4 sample zones (yellow) exposed to deposition 
(2) 3 sample zones exposed 
(3) 2 sample zones exposed 
(4) 1 sample zone exposed 
 
Fig.  4-3 presents a set of masks that is dedicated to DC sputtering deposition. They enable 
gold coating with a strict positioning management using two positioning holes. The mask 
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 denoted as (1) enables the bottom electrode deposition; the mask denoted s (2) belongs to the 
shelter system while the mask quoted (3) enables the top electrodes to be coated. 
 
Fig.  4-3 Shelter System, Pattern Positioning 
(1) Gold bottom electrode patterning 
(2) LNO and PZT patterning 
(3) Gold top electrodes patterning 
 
The resulting sample is displayed on Fig.  4-4 where the sample is composed of 3 zones of 
different thin film thickness. 
 
Fig.  4-4 Shelter System, resulting sample 
4.2. Effect of thickness on ferroelectric properties 
4.2.1. Experiments 
PZT thin films are deposited with a thickness range between 23nm (60s deposition) and 
230nm (600s deposition) according to the previous process. Experiments were performed in 
such a way as to ensure comparability between samples. This means that there is only one 
single changing physical parameter between the tested samples, or sample zones, as enabled 
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 by the shelter system. In this case, the only changing parameter is the thickness of the PZT 
thin film. 
Fig.  4-5 summarises all the samples used in this study. It shows the ferroelectric zones (grey 
zones) on each sample and specifies their thicknesses. The dashed lines link the redundant 
thicknesses between each sample zone and make clear that each sample is comparable with all 
the others of similar thickness. 
 
Fig.  4-5 Sample Comparability 
 
4.2.2. Results 
Fig.  4-6 compares the (P-E) ferroelectric characteristics for two different thin film 
thicknesses. The black curve depicts the (P-E) ferroelectric characteristic of a 230nm thick 
PZT thin film whereas the grey curve stands for the (P-E) ferroelectric characteristic of a 
23nm thick PZT thin film. 
Whereas both characteristics present a normal hysteretic shape, it is worth noting that the 
characteristic for the thinner film is obtained for an abnormally high electrical field of 
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 1200kV.cm-1. Indeed, the 23nm thick thin film did not respond under a normal electrical field 
of 200kV.cm-1. Moreover, the polarisability p of the two characteristics is smaller in the 
thinner case. 
 
Fig.  4-6 Ferroelectric characteristics for 230nm (black curve) and 23nm (grey curve) thick PZT thin films 
 
Fig.  4-7 reveals the (P-E) ferroelectric characteristic of a 230nm thick PZT thin film (black 
curve) and a 23nm thick PZT thin film (grey curve) obtained for the same electrical field. The 
grey curve has not been obtained experimentally, but is only a rescale of the grey curve from 
Fig.  4-6 assuming equivalent loading for both samples. This comparison is rather optimistic 
as the ferroelectric characteristic of a 23nm thick sample has never been obtained for such 
level of electrical field. According to Fig.  4-6, it can even be assumed that under this low 
value of electrical field, the material may have behaved in its linear phase. Fig.  4-7 is 
represented just to take into consideration the thickness dependence of the PZT thin film 
behaviour. Here nmnm 23023
~~ εε <  becomes evident. 
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Fig.  4-7 Calculated (P-E) ferroelectric characteristics for 230nm (black curve) and 23nm (grey curve) 
thickness PZT thin films 
 
Fig.  4-8 shows the average dielectric constant rε~  of the PZT/LNO/SiO2/Si samples measured 
using 150µm dots with respect to the PZT layer thickness. The average dielectric constant rε~  
remains relatively constant for thicknesses above 150nm whereas it drops dramatically for 
thicknesses below 100nm. 
 
Fig.  4-8 Experimental results of thickness study 
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 4.2.3. Discussion 
It has been observer that whereas the average dielectric constant remains relatively constant 
for PZT thickness above 150nm, it drops for thickness below 100nm. Moreover, the origin of 
the perturbation seems to be preponderant when the PZT thickness decreases. Consequently, 
it is believed that a constant thickness layer within the PZT layer does not behave as a 
ferroelectric material but as paraelectric. 
To support this idea, a model is here proposed. Fig.  4-9 shows a schematic section of a 
PZT/LNO/SiO2/Si sample. The PZT layer has a thickness e and is composed of two layers 
one of which is characterised by a dielectric constant Ferrorε~  and the other is characterised by a 
thickness e0 and an average dielectric constant Pararε~ . 
 
Fig.  4-9 PZT/LNO/SiO2/Si schematic section  
Two phases are represented within the PZT layer. 
 
A macroscopic dielectric constant rε~  can be calculated with respect to the proportion of each 



















































As shown in Fig.  4-10, the proposed model fits well with the experimental data 
(determination coefficient r2=0.868) showing that the paraelectric sub-layer model seems 
reliable. 
 
Fig.  4-10 Experimental results and model confrontation 
 
A mechanical point of view 
The next derivation is inspired by theories [17] on fibre-reinforced polymeric laminated 
composites used in aircraft and ship industry. In these applications, thermal expansion issues 
have really been taken into consideration as they cause internal residual stresses and thermal 
shrinkage in manufactured parts. This phenomenon is particularly critical as it induces shear 
effects at the interface between two materials. In the case of functional materials, as the 
deposition process is performed at a temperature (580°C) higher than the service temperature 
(20°C), these same problems may occur and cause degradation in ferroelectric properties. 
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 Linear material mechanics describe the thermo-elastic behaviours of materials with the 
following matrix relationship: 
*εσε += S  
Equation 4-3 
 
Equation 4-3 links the strain tensor ε  with the stiffness tensor S, the stress tensor σ  and the 
thermal expansion tensor *ε . This relation can be expressed using the compliance matrix 
: 1−= SC
( )*εεσ −= C  
Equation 4-4 
 
Thermal expansion may be expressed as: 
( )zyxT ,,.* Δ= αε  
Equation 4-5 
 
where α  stands for the thermal expansion coefficient diagonal matrix quoted in engineering 
















α O  
Equation 4-6 
 
As thermal strains do not imply deviatoric strains, 0654 === ααα . By assuming for the 
following derivation that all the materials considered are isotropic, then αααα === 321 . 
In the particular case where one dimension (here the sample thickness) is negligible with 
respect to the other two, it may be assumed that stresses 3σ , 4σ  and 5σ  are negligible with 























































Equation 4-7 must be extended to the case of laminated material case as represented in Fig.  
4-11. Each layer of material quoted with an index k is included between the heights hk-1 and hk 
relatively to the neutral plane. 
 
Fig.  4-11 Laminated material 
 
The strain field ),,( zyxε  is assumed linear function in the z dimension. Thereby, it can be 
described as a linear combination of the medium plane strain ( )yx,0ε  and the medium plane 
curvature  as follows: ),(0 yxκ
( ) ( ) ( )yxzyxzyx ,.,,, 00 κεε +=  
Equation 4-8 
 










































































 Integration over all the layers of the laminated material enables the calculation of the in-plane 
force  and the bending moment ( yxN , ) ( )yxM ,  loaded on the material: 
• In-plane force : ( )yxN ,
( ) ( ) ( )[ ]
( ) ( ) ( ) ( ) ( )




















































• Bending moment : ( )yxM ,
( ) ( ) ( )[ ]
( ) ( ) ( ) ( ) ( )












































































k hhCD  
Equation 4-12 
 
The same integration for thermal expansion effects leads to the calculation of the resulting in-










































































































































































Equation 4-14 can be applied to the special and simplified case of a PZT/Si sample. For the 
rest of the derivation, it is assumed that the silicon wafer (index 1) is h1=0.8mm thick, and 
that the PZT layer (index 2) is h2=1.0µm thick. Other mechanical properties are summarised 
in Table 4-1: 
Table 4-1 Mechanical properties of Si and PZT [18] 
Parameter Silicon Si PZT 
Young modulus E 98GPa 63GPa 
Poisson’s ratio ν  0.3 0.3 
Thermal expansion coefficient α 2.6*10-6K-1 3.4*10-6K-1
 
As , the neutral plane is the middle plane silicon layer. Hence, the silicon wafer is 
included between –h
12 hh <<
1/2 and +h1/2 and the PZT layer is included between +h1/2 and +h1/2+h2. 
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 The mechanical behaviour of Silicon (index 1) and PZT (index 2) may be described using Ci 

























































































Matrixes N and M vanish as the sample is not externally loaded. The strain field ( )00 ,κε  over 

























The solution is therefore: 



















































































 Fig.  4-12 is an exaggerated illustration of the deformation corresponding to the solution 
depicted in Equation 4-18. The fact that the two curvatures are opposed ( ) implies 
the deformation as a “horse saddle” shape. This figure is only presented to give to the reader 






Fig.  4-12 "Horse saddle" deformed shape 
(x,y,z) stands for space orientation 
 
Equation 4-19 expresses the stress induced by thermal expansion in the PZT layer at the 
height z (which is included between h1/2 and h1/2+h2). The PZT layer is under traction as 
12 αα >  and : 0<ΔT
















It is worth mentioning that this stress decreases with height z. This observation matches the 
experimental results that show the ferroelectric properties degradations for thin thicknesses. 
Indeed, the coupling relation between the piezoelectric properties and the mechanical 
properties of PZT may imply that the thin film looses its ferroelectric properties above a load 
threshold 0σ . More precisely, this load threshold 0σ corresponds to the load applied onto the 
material above which there is only one single energetically stable position for the Ti atom 
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 within the PZT unit cell. The loss of the two energetically stable positions implies a loss in 
hysteretic behaviour. 
Fig.  4-13 shows the evolution of the calculated stress with respect to the height z in the 
sample. The shaded area within the PZT layer corresponds to the PZT sub-layer that is loaded 
by stresses above the threshold stress 0σ . This sub layer may not be hysteretic or ferroelectric 
as a consequence. 
 
Fig.  4-13 Stress variation over the sample thickness 
 
4.3. Conclusions 
Results from the present study show that the PZT ferroelectric properties are degraded for thin 
film thicknesses (about 50nm in the present experimental conditions). 
Looking closely at the average dielectric constant evolution with the thickness of the thin film, 
it seems that a constant thickness PZT layer behaves as a paraelectric material (low average 
dielectric constant). This assumption is well correlated with an averaging behaviour model. 
Moreover, using some thermal expansion mechanical theories, it is clear that the PZT/Si 
sample is under constraint because of the thermal difference between the deposition 
temperature and the operating temperature. Calculations show that this stress decreases as 
sample level is considered. This implies that there exists a stress threshold 0σ  above which 
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 the PZT ceramic is under excessive load. Consequently, it behaves as a paraelectric material 
because of piezoelectric/ferroelectric coupling effect. 
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 5. DOT SIZE EFFECT 
This chapter deals with the reduction in the size of a capacitor that may be considered to 
reduce the energy consumption of the functional material and to increase the density of 
memory devices. 
The chapter consists of two distinct sections based on the scale reached in the experiments. 
The “macro scale” section is based on classical experimental procedures to qualify the 
material whereas the “micro scale” section implies the use of new means for the experiments. 
5.1. Macro scale 
5.1.1. Experiments 
Experiments are performed under the same conditions as the thickness study on 270µm 
diameter wide capacitors. 
5.1.2. Results 
Fig.  5-1 shows the results of such experiment. The trend is the same as the previous results, 
that is, the average dielectric constant drops as the thickness value decreases. It is important to 
quote that for this dot size, the experiments always failed for thickness below 50nm. 
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Fig.  5-1 Average dielectric constant measurement on 270µm dots with respect to PZT thin film thickness 
 
5.1.3. Discussion 
Fig.  5-2 compares the experimental results (dots) and the corresponding model (lines) for the 
thickness dependence study versus the average dielectric constant for 150µm dots (black) and 
270µm dots (grey). 
The lack of experimental data below 50nm for the 270µm dot study implies a simplification 
of the paraelectric sub-layer model in order to compare accurately and qualitatively with the 
two series of data (average dielectric constant for 150µm and 270µm diameter dots). Indeed, 
the lines displayed in Fig.  5-2 correspond to the simplified model ( ) Ferrorr e
e
e εε ~1~ 0 ⎟⎠
⎞⎜⎝
⎛ −=  
where the constants e0 and Ferrorε~  are summarised in Table 5-1. 
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Fig.  5-2 Average dielectric constant thickness dependence for two dot sizes 
Black colour for 150µm dots; grey colour for 270µm dots. 





Table 5-1 Parameters for paraelectric sub-layer model 
Dot diameter 150µm 270µm
e0 43nm 48nm 
Ferro
rε~  3.7*103 3.5*103
 
According to this comparison, it is clear that the smaller the dot diameter, the higher is the 
average dielectric constant. 
The increase in average dielectric constant may be the consequence of the DC sputtering 
deposition method used in the deposition of the top electrode which induces an electrical 
connection between the bottom and the top electrodes depositing gold within probable thin 
film cracks and, as a consequence, has degraded locally its average dielectric behaviour. 
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 As the probability of the sputtered gold to enter a crack increases when the dot diameter 
increases, it is clear that ferroelectric characterisation must be performed on dots as small as 
possible 




Fig.  5-3 Ferroelectric Analyser and AFM measurement setting 
 
It is impossible to manually connect the standard ferroelectric analyser probes onto the top 
electrodes of the sample if their diameter is below 100µm. An optical microscope may not be 
convenient as it implies a short working distance between the lens and the sample which 
limits the sample accessibility. To solve this difficulty, an AFM (Fig.  5-3) is coupled to the 
ferroelectric analyser as shown in Fig.  5-4. 
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Fig.  5-4 Coupling of Ferroelectric Tester and Atomic Force Microscope 
 
The sample stage mobility imposes that the sample bottom electrode must be connected to the 
sample stage in which the electrical signal is collected. The electrical connection of the 
sample bottom electrode is done using to an alligator clip. This ensures both electrical and 
mechanical connection of the sample with the sample stage as shown in Fig.  5-5. Moreover, 
the absence of sticky materials avoids any sample degradation, making the method reliable for 
many connection/disconnection cycles. 
 
Fig.  5-5 Bottom electrode connection technique 
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 The ferroelectric analyser/AFM coupling implies the use of long cables that may increase the 
sensitivity of the measurement system to external perturbations. Fig.  5-6 is an example of 
perturbed ferroelectric characterisation. 
 
Fig.  5-6 Perturbed measurement 
 
To cope with this issue, one has to make sure that all the electrical devices around the 
measurement system are equipped with a ground plug and that they are all plugged onto the 
same ground line to avoid potential differences. Moreover, while performing the measurement, 
the standard measurement means of the ferroelectric analyser must be unplugged, otherwise 
they may constitute as antennas for any surrounding perturbation. 
 
Fig.  5-7 compares two (P-E) ferroelectric characterisations of the same material. One 
characterisation is done directly by the ferroelectric analyser while the other is performed 
using the coupled ferroelectric analyser/AFM system. Average dielectric constants rε~  are 















The relative difference introduced by the measurement instrument coupling is about 2.0%, 
which is less than the actual variability in two successive standard ferroelectric property 
measurements, indicating that the coupled measurement system is satisfactory. 
 
Fig.  5-7 Comparison between different measurement methods 
Grey curve: Standard measurement 
Black curve: Coupled AFM and Ferroelectric Tester measurement 
 
Experimental procedures for coating 
Fig.  5-8 presents the 10µm diameter and 200nm thick coated top electrodes. This coating is 
performed by ion beam. The top electrodes are coated with Pt. The user/machine interface 
facilitates patterning and enables specific drawings to be performed easily. 
 
Fig.  5-8 10µm top electrode coatings 
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 Experimental procedures for localisation 
The top electrode dot size considered imposes an efficient method to locate patterns on the 
sample before material characterisation. Indeed, to find a 2µm diameter dot on a 4mm*20mm 
sample is like finding a SG$ 0.05 coin on a football ground (30*10-9 for the first area ratio, 
10*10-9 for the second). Consequently, the top electrode patterning is experimentally done in 
a “fractal” way as shown in Fig.  5-9. This method implies on the one hand that the whole 
pattern covering a 25µm*25µm surface is slightly visible using the CCD camera linked to the 
AFM, while on the other hand, that very small dots are easily identified within the whole 
pattern. 
 
Fig.  5-9 Platinium coating for top electrodes 
5µm, 2µm and 1µm diameter dots spread over a 25µm*25µm area 
 
Fig.  5-10 presents the AFM topography result over a 22µm*22µm surface. The top 





Fig.  5-10 Platinium coating topography 
AFM surface analysis (Sensor measurement) 
(Left) Top view, after FFT treatment 
(Right) 3D view, after FFT treatment 
5.2.2. Results 
Fig.  5-11 and Fig.  5-12 present the (P-E) ferroelectric characterisations performed on 5µm 
and 2µm diameter Pt coated locations. The PZT used for these experiments is 180nm thick. 
 
Fig.  5-11 Ferroelectric characterisation on a 5µm diameter Pt dot. 
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Fig.  5-12 Ferroelectric characterisation on a 2µm diameter Pt dot. 
 
5.2.3. Discussion 
The results here are far different from the ones on Fig.  5-7. Characteristics do not present 
polarisation saturation but they slightly present leakage currents. Moreover, average dielectric 
















Theses remarks lead to the conclusion that new problems are raised with the use of Pt coating 
and for smaller scales. Especially in the 2µm case, the remnant polarisation value can not be 
physically reached. These problems cannot be due to the characterisation systems employed 
as it has been proven that the ferroelectric analyser/AFM coupling is operational and the 




 However, it is interesting to note that the total charge APq .=  received by the ferroelectric 
analyser is the same for the two characterisations. Assuming that the material properties are 
the same, the total charge q measured would have been expected in a ratio proportional to the 
capacitor surface ratio, which is here (5/2)2. Both the total measured charges are 20*10-6µC. 
This phenomenon leads to the assumption that both ferroelectric analyse are performed on the 
same capacitor and that some coated dots are electrically connected between each other. The 
electrical connection may be due to the patterning method and to the patterns proximity. 
Indeed, it is impossible to guarantee that the surface between the patterned dots is free from 
conducting materials. 
 
Although it is difficult to know the effective top electrode area on which the measurement has 
been performed, it can be assumed that all the patterned electrodes shown in Fig.  5-9 are 
connected, that is, 173µm2. This is definitely the most conservative assumption as the 
patterned dots may not all be connected together. 
Fig.  5-13 shows the results presented on Fig.  5-11 and Fig.  5-12 but recalculated with 
respect to the assumed new capacitor area (which is the sum of all patterned area). The 
calculated characteristics are almost the same. This confirms the assumption that all the 
patterned dots are connected. 
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Fig.  5-13 Ferroelectric characteristics of Pt/PZT/LNO/SiO2/Si 
 
The average dielectric constant is calculated from this result and is far from the value 
expected for the PZT thin film thickness considered (2.8*103 for a 150µm diameter capacitor 
and 180nm thick PZT thin film): 
310*46.0~ =rε  
Equation 5-3 
 
Many other measurements have been performed on other samples with the same Pt coating 
process. To avoid sample degradation during the Pt deposition, the two main machine 
parameters, which are the material beam current intensity and acceleration voltage, have been 
lowered. However, the results always give a lower average dielectric constant. 
5.3. Conclusion 
 “Macro scale” studies lead to the conclusion that PZT must be characterised on smaller 
capacitors. Experimental means have been improved for the “micro scale” to be explored. 
By coupling of ferroelectric analyser onto the AFM, characterisation is performed 
successfully using the improved equipment but reveals the limits of gold top and bottom 
electrodes deposited with DC sputtering process, which is not adapted to micro scale studies. 
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 Pt coating deposited with ion beam seems more relevant for such a scale but this deposition 
method gives poor electrical properties which finally degrades the PZT thin film properties. 
Results expected in this chapter are not achieved. Efforts have to be carried out. This may 
imply a new experimental procedure for sample production involving the top and bottom 
electrode deposition using the PLD method. 
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 6. CONCLUSIONS AND RECOMMENDATIONS 
6.1. Conclusions 
This work may have been the occasion to gather and formalise the laboratory know-how and 
practices in term of experimental procedures, and concentrates on sample design and 
production practices that can be used for further studies on functional materials. 
Process parameters should be carefully considered in the production of satisfactory functional 
materials in term of crystallography since they give rise to (001) and (002) oriented LNO and 
PZT thin films. This is also true in term of ferroelectric properties as remnant polarisation Pr 
and coercive fields EC remain consistent with the literature, and as these properties remain 
relatively constant all over the sample surface. 
Tools developed from this work can also be used for further studies. The “shelter system” and 
the “final process” experimental timing are reliable tools for efficient sample production. 
 
This work leads also to the conclusion that PZT ferroelectric properties are strongly 
dependant on size. This phenomenon goes against the goal to produce low energy 
consumption functional materials. The average dielectric constant rε~  dramatically drops 
when the PZT thin film thickness is below 100nm. 
This phenomenon is well correlated to a model that includes a constantly thick paraeletric 
sub-layer within the PZT thin film. Classical linear thermo-mechanical theories help to show 
that this issue may be due to thermal constraints raised by the temperature difference between 
the sample production temperature and the sample service temperature. 
 
The ferroelectric capacitor size study has been the occasion to develop inside the laboratory 
new means of characterisation. The ferroelectric analyser/AFM coupling becomes effective 
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 and may be used for further studies. This technique enables ferroelectric properties on a very 
local scale to be measured. 
Unfortunately, this study did not reach all the expectations in term of property exploration at 
small scales for several reasons. Among all experimental issues encountered, it seems that the 
main problem came from the top electrode deposition by material beam. The easy-to-use 
interface for small scale patterning appears to degrade the PZT thin film quality and depose 
metal on undesired areas. 
6.2. Recommendations 
Efforts on functional materials should be continued, especially for low-consuming energy 
materials. With the experience developed in the present work, some recommendations may be 
followed for further works. 
 
A new type of top and bottom electrodes should be carefully considered for further studies. It 
is recommended that its deposition be done with PLD during the functional material 
deposition process so as to improve its structure, its adhesion to the substrate and also the 
quality of the electrode/functional material interface. This is the key for a stable structure able 
to bear all kinds of treatments (milling for example) without any loss of properties. Thus, this 
sample improvement would open the way to further investigations, especially on the sub-
paraeletric layer assumed in this work. 
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 Fig.  6-1 is a schematic section of a simplified PZT/Si sample that has been patterned. With 
respect to the derivation carried out in this work, all mechanical boundary conditions have 
been modified by the patterning. In future studies, it may be interesting to explore the 
consequence of these new conditions on the effect of size dependence on the ferroelectric 
properties of PZT. 
 
Fig.  6-1 Patterned PZT layer 
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